to inhibit cell adhesion and wound healing (Rath et al., 2015) , and generate small signaling RNA fragments shorter than ~ 200 nt to amplify the IFN response (Malathi et al., 2007) and inflammation (Chakrabarti et al., 2015) . It remains unknown whether RNase L activates programmed cell death via a general stress caused by processing of multiple RNAs or via a single, perhaps still unidentified apoptotic RNA switch. Using a custom RNA-seq library that captures fragments derived from cellular RNAs, we identify surprising RNA targets of the dsRNA response, including a ncRNA that has properties of such an apoptotic switch.
Results

dsRNA Triggers Biogenesis of Specific tRNA and Y-RNA Fragments with 2',3'-
Cyclic Phosphate Termini
To identify the RNA fragments released by the action of dsRNA and RNase L, we focused our analysis on cellular RNAs bearing a 2',3'-cyclic phosphate. Mammalian RNAs acquire this modification during endonucleolytic cleavage by RNase L and other metal ion-independent ribonucleases (Cooper et al., 2014) . The RNA fragments were detected using RNA sequencing (RNA-seq) with RtcB ligase, an enzyme that joins RNAs with a 2',3'-cyclic phosphate to RNAs with a 5'-hydroxyl (Tanaka et al., 2011) .
RtcB RNA-seq allows identification of the cleaved RNA and mapping of the cleavage site with single-nucleotide accuracy (Fig. 1A) . This approach is not biased toward RNase L and will detect RNA cleavage by any metal ion-independent endoribonuclease activated during dsRNA response. Here, we examine small RNAs (≤ 200 nt), the only RNA class that was intractable during the recent mapping of the RNase L pathway (Rath et al., 2015) . The isolation of small RNAs provides an essential advantage to our analysis as it eliminates the background from the ribosomal RNA (rRNA) (Cooper et al., 2014) .
RtcB RNA-seq in naive HeLa cells identified millions of basal reads with 2',3'-cyclic phosphate and an average length of 9.4 nts (Fig. S1A ). Transfection of a synthetic dsRNA (poly-inosine/poly-cytidine, poly-IC) released an abundance of new reads in the range of 10-70 nt, increasing the average read length to 18.3 nts (Fig.   S1B ). Reads that mapped unambiguously to the human transcriptome and had coverage depth of ≥ 5 reads (Dataset S1) were selected for all further analyses.
Examination of the basal cleavage sites found no sequence enrichments (Fig. 1B) . In contrast, poly-IC-induced cleavage sites had a distinct consensus, UN^N (^ marks the cleavage site), where N = A, G, U or C. Therefore, poly-IC activates a sequence-specific endoribonuclease, which requires a U at position -1. This requirement matches only RNase L (Han et al., 2014) , indicating that other endoribonucleases do not contribute appreciably to the poly-IC-induced fragment production.
The most highly upregulated reads map to tRNAs and Y-RNAs (Fig. 1C) .
Fragments of tRNA-His and Y-RNAs account for more than 50% of the induced reads, whereas none of them are abundant basally (Fig. 1D) . Fragments of tRNA-His and tRNA-Pro prevail among the cytosolic tRNAs (Fig. 1E) , and fragments of tRNA-His accumulate to the highest absolute level compared to any tRNA. The tRNA cleavage consensus UN^N matches the specificity of RNase L. Notably, mitochondrial tRNAs lacked the UN^N consensus and neither mt-tRNA-His nor mt-tRNA-Pro was cleaved (Fig. 1F) . The sequence-specific cleavage of cytosolic but not mitochondrial tRNAs These results reveal the molecular explanation for the recent finding of poly-IC-induced 22-36 nt fragments of RNY3 and RNY5 (Nicolas et al., 2012) . The earlier study could not pinpoint the biogenesis mechanism, but concluded that the cleavage is Dicerindependent. Our data suggest that the cleavage is performed by RNase L and impacts not only RNY3/RNY5, but all Y-RNAs.
Single-Nucleotide Resolution Profiling of tRNA and Y-RNA Cleavage
RtcB RNA-seq provides quantitative information about multiple RNA sites and allows visualization of detailed RNA cleavage profiles. This analysis shows that tRNAs and Y-RNAs are cleaved strongly at specific locations (Fig. 2) . The cleavage of tRNAHis and tRNA-Pro occurs in the anticodon stem-loop (ASL) and results in tRNA halves.
The formation of tRNA halves has been observed previously under cellular stress conditions and described as a mechanism important for sex hormone signaling (Honda et al., 2015) , prostate and breast cancer proliferation (Dhahbi et al., 2014) , and control of retroelements (Sharma et al., 2016) . The primary route of tRNA half generation described to date involves cleavage of the ASL by the endoribonuclease angiogenin Biomedically, Y-RNAs are the components of the autoantigenic complex that triggers autoimmunity in systemic lupus erythematosus (SLE) and Sjögren's syndrome (Kowalski and Krude, 2015) . Physiologically, Y-RNAs are essential for DNA replication, acting via an unknown mechanism that involves the upper stem (Gardiner et al., 2009 ). 
RNY1/RNY5 Cleavage Requires Remodeling, RNY4 Defies the UN^N Consensus
The stereochemical mechanism of RNA cleavage via a 2',3'-cyclic phosphate requires that the cleaved nucleotides are single-stranded (Korennykh et al., 2011) . The identity nucleotide U in the UN^N pattern has to be single-stranded as well for binding to the specificity pocket in RNase L (Han et al., 2014) . Therefore, RtcB RNA-seq reads arising from RNase L result from RNA substrates with single-stranded UN^N sites.
During the dsRNA response, RNY1 is cleaved predominantly at positions 24 (UA^U) and 32 (UU^G) (Fig. 2B) . The first two nucleotides at position 24 are singlestranded and the third forms a weak base pair, which should permit cleavage via a 2',3'-cyclic phosphate. In contrast, all nucleotides at site 32 are within a predicted RNA duplex and cannot be cleaved without a substantial structural remodeling in RNY1. In RNY3, the main cleavage site at nucleotide 32 (UA^A) resides in a stem-loop structure and is directly compatible with 2',3'-cyclic phosphate formation (Fig. 2B) . RNY4 is cleaved strongly and site-specifically. Global folding of RNY4 predicts that the single strong cleavage site is single-stranded. Local folding predicts a stable stem-loop structure (Fig. 2B ), but still places the cleavage site within a single-stranded region compatible with 2',3'-cyclic phosphate formation. Nonetheless, RNY4 is an outlier across the entire RtcB RNA-seq dataset. The cleaved sequence at position 27 (CA^G) violates the UN^N consensus, raising the question of whether the cleavage results from RNase L or another endoribonuclease. In RNY5, the cleavage sites 26 (UU^G), 29 (U^UA) and 30 (UA^A) are double-stranded and cannot result in a 2',3'-cyclic phosphate without disrupting the RNY5 fold (Fig. 2B) . Therefore, the proposed structure of RNY5 Fig. 3A, B ; Dataset S1). The cleavage of tRNA-His (129-fold) and tRNA-Pro (23-fold) occurred at the same ASL sites as in the poly-IC samples (Fig. S2A) . The fold-induction of the tRNA fragments was smaller than using poly-IC treatment because overexpression activates RNase L mildly (Rath et al., 2015) . RNY1 was not cleaved detectably due to the mild RNase L activation or a requirement for dsRNA for optimal RNY1 sensitivity. However, RNY3, RNY4 and RNY5 were cleaved at the same specific sites as in the poly-IC samples (Fig.   S2B ). These observations strongly suggest that tRNAs and Y-RNAs are cleaved by RNase L, including the non-canonical cleavage of RNY4.
To more fully exclude secondary mechanisms, such as cleavage of RNY4 by an unknown, CA^G-specific endoribonuclease activated downstream of RNase L, we extended our RtcB RNA-seq analysis to semi-permeabilized T47D cells (Rath et al., 2015) . This method employs 2-5A to activate endogenous RNase L very rapidly and allows assay completion within 1-3 minutes. The semi-permeabilization experiments revealed predominantly fragments of tRNAs and Y-RNAs, which were cleaved at the expected UN^N sites (Fig. 3C,D ; Dataset S1). Analysis of tRNA cleavage revealed the same preference for tRNA-His and tRNA-Pro, as observed during poly-IC treatment ( Fig. S3A; 1E ). Both tRNAs were cleaved specifically at the correct ASL positions (Fig.   S3B ). The cleavage sites in Y-RNAs also exhibited the UN^N consensus, with the expected exception for RNY4, which was cleaved selectively at the CA^G position ( We initially considered this local stem-loop structure a possible reason for the sitespecific cleavage of RNY4. Strikingly, neither stem-loop was cleaved at the physiologic site ( Fig. 4A) . Moreover, the CA^G site in the RNY4 model was completely resistant to RNase L.
We next tested whether RNase L can recognize full-length tRNA-His and RNY4.
We prepared the full-length RNAs using T7 RNA polymerase and engineered ribozymes to obtain homogeneous oligoribonucleotides, as described previously (Costantino et al., 2008) . RNase L cleaved the transcribed full-length tRNA-His selectively in the ASL positions. However, the cleavage targeted all three UN^N sites in the ASL, as seen with the model stem-loop ( Fig. S4A; 4A ). The cleavage of the transcribed full-length RNY4 occurred predominantly at a non-physiologic site, 24. The physiologic position, 27, was cleaved stronger than many single-stranded UN^N sites nearby, but not as strong as two non-physiologic sites, 23 and 24. Our studies with in vitro transcribed substrates thus suggest that specific cleavage of the ncRNAs by RNase L requires cellular machinery.
To test whether host proteins enable the Y-RNA and tRNA recognition, we examined cleavage of naked RNA isolated from human cells. To this end, we developed a highly sensitive qPCR assay for monitoring specific RNase L cleavage in samples of total RNA. This method combines RtcB adaptor ligation with qPCR. The first steps of this RtcB qPCR assay copy the RtcB RNA-seq library preparation. The qPCR step uses a unique site-specific primer that spans the RtcB junction and amplifies the desired cleavage site, but not the neighboring sites (Fig. 4B ). RtcB qPCR faithfully detects cleavage of tRNA-His and RNY4/RNY5 in cells (Fig. 4C ), and shows a good agreement with the conventional analysis of RNA cleavage by polyacrylamide gel (Fig. S4 ).
Using this assay we confirmed that the absence of RNY5 cleavage in the semipermeabilization experiment (Fig. S3C) was not due to an intrinsic inability of T47D cells to cleave RNY5. RtcB qPCR shows a robust RNY5 cleavage in T47D cells in response to poly-IC (Fig. 4C) . Next, we compared the sensitivity of RtcB qPCR with the For example, naked 28S rRNA was not cleaved specifically at the L1 stalk and degraded uniformly (Fig. 4F) . RtcB qPCR revealed that in striking contrast to in vitro transcribed tRNA-His (Fig. S4A) , deproteinized tRNA-His isolated from cells is cleaved highly specifically, and at the physiologic position ( 
Probing the Roles of the Y-RFs and tRNA Halves in dsRNA Signaling
RNA cleavage products generated by RNase L were reported to have signaling functions, serving to amplify the IFN response (Malathi et al., 2007) and inflammation (Chakrabarti et al., 2015) . Although specific RNAs responsible for this effect have not been identified, it has been proposed that they are small (≤ 200 nt) (Malathi et al., 2007) and contain 2',3'-cyclic phosphate termini (Chakrabarti et al., 2015) . Our data suggest that RNA fragments do not amplify the IFN response or inflammatory gene expression, at least in A549 cells. The ability of RNase L to stimulate the expression of IL8 in cells treated with poly-IC was confirmed using direct RNase L activation by 2-5A (Fig. 5C ), but this is likely due to translation inhibition because IL8 mRNA is induced similarly by cycloheximide (Fig. 5C ). RNase L can inhibit translation by cleaving the ribosomes, as proposed in the early studies (Hovanessian et al., 1979) , as well as by cleaving and downregulating tRNAs, which are affected even stronger than the ribosome (Fig. 5D ). In summary, the roles of the tRNA and Y-RNA fragments generated by RNase L are presently unclear, although these fragments remain intriguing as candidate cell-specific or paracrine messengers produced in abundance during dsRNA response.
RNY1 Depletion by RNase L is Sufficient for Initiation of Apoptosis
Concurrently with generating RNA fragments, RNase L downregulates the tRNAs and Y-RNAs (Fig. 5D ). The depletion of tRNAs must contribute to the RNase L- Supporting this model, 2-5A transfection readily kills WT cells and downregulates the Y-RNAs, but has no effect in RNase L -/-cells ( Fig. 5D; 6A) . However, dying cells activate Y-RNA fragmentation (Rutjes et al., 1999) , making it uncertain whether the loss of Y-RNAs in our experiment is the cause or a general marker of cell death. To clarify this connection, we tested whether Y-RNA depletion is sufficient for activation of apoptosis. We downregulated individual Y-RNAs using the antisense DNA/RNase H approach, which allows specific Y-RNA knockdowns (Fig. 6B) . Surprisingly, depletion of a specific Y-RNA, RNY1, was sufficient for induction of cell death (Fig. 6C) . Ileana Cristea Princeton University) for sharing the antibody against human PARP, Prof.
Andrei Korostelev for the help in designing ribozyme constructs. We are grateful to Dr.
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Methods
RtcB RNA-seq Library Preparation
Small miRvana (Life Technologies) RNA/cDNA hybrids were pulled down with hydrophilic magnetic streptavidin beads (NEB) and washed three times with 1 mL of 20 mM HEPES pH 7.5, 300 mM NaCl, 0.1% Triton X100, 10 min per wash. This step was followed by two 1 mL washes with 20 mM HEPES pH 7.5, 100 mM NaCl. The final wash buffer was removed and RNA/cDNA hybrids were eluted with 10 μL 10 mM biotin. The eluted cDNAs were then added to an equal volume of 20 mM HEPES pH 7.5, 0.1% Triton X100.
An adaptor, 5'-P-TGGAATTCTCGGGTGCCAAGG-3'-amino, was ligated to the 3' ends of cDNAs using 1 U/μL CircLigase (Epicentre) and 1 μM adaptor. CircLigase 
RNA-seq Computational Analysis
After barcode splitting, sequencing reads with quality scores ≥ 30 were trimmed of adaptor sequences and converted into reverse complements. The obtained reads were mapped to the human transcriptome using FASTA algorithm with ≤ 1 mismatch, which accounts for possible polymorphisms. Sequences of tRNAs were modified to include CCA 3'-ends and G at the -1 position in tRNA-His. All steps past barcode splitting were conducted using software written in-house. Source code and Microsoft
Windows binaries are available upon request.
Tissue Culture
All cell lines were maintained at 37 °C in a 5% CO 2 PBS. Resuspended cells were divided evenly and pelleted again for digitonin semipermeabilization in the absence or presence of p2-5A 3 in phosphate buffer, as described (Rath et al., 2015) . One half of each sample was added to 300 μL miRvana lysis buffer at 1 min and 3 min time points. Small RNA was purified according to the miRvana protocol.
Transfections and Cycloheximide Treatment
For all experiments with A549 cells, cells were seeded at a density of 7. (Table S1 ). Specific Y-RNA antisense oligonucleotide sequences were previously described (Christov et al., 2006) . Cells were treated with 1 and 10 μg/mL cycloheximide or DMSO for 8 hours.
RNA Purification from Cells
Small RNAs for RtcB RNA sequencing were purified with the miRvana kit (Life Technologies) according to the manufacturer's instructions. Large RNAs for qPCR were purified using the RNeasy kit (Qiagen), Trizol (Life Technologies), or a modified Trizol protocol in which the aqueous phase was transferred to a clean tube, supplemented with 1/3 volume 100% ethanol and then passed over an RNeasy spin column. RNA bound to the column was processed according to the RNeasy protocol. Small RNAs in the flowthrough were precipitated by adding 1/2 volumes of isopropanol relative to the starting volume of Trizol, washed with 500 μL 75% ethanol, air dried, and resuspended in water. Trace amounts of phenol were removed from the purified small RNAs by sequential extractions with water-saturated 1-butanol and water-saturated diethyl ether.
Western Blotting
Samples were separated on a 10% BisTris PAGE (NuPAGE), and transferred to PVDF membranes (Life Technologies). 
RtcB Enzyme Preparation
RtcB was cloned from E. coli into pGEX-6P and expressed with an N-terminal GST-tag. Protein isolation and purification were performed as described for human OAS1 (Donovan et al., 2013) , but in the absence of divalent metal cations. Table S1 .
Synthesis of Model RNAs with 2',3'-Cyclic Phosphate
Quantitative PCR (qPCR)
Purified small RNAs were reverse transcribed using MultiScribe reverse transcriptase and gene-specific primers (Table S1 ). qPCR was conducted using SYBRgreen based detection over 40-50 cycles. Annealing/extension was conducted at 60 °C for 1 min. U6 RNA was used for normalization. Messenger RNAs were reverse transcribed using the High Capacity RNA-to-cDNA kit (Thermo Scientific). qPCR utilized SYBR-green based detection over 40-50 cycles and annealing/extension temperature of 60 °C for 1 min. GAPDH was used for normalization.
RtcB qPCR
Small RNAs were ligated to an adaptor with RtcB in 10 μL reactions as described for sequencing library preparation. Reactions were modified to use less Ribolock (10 U).
Reactions were stopped by adding EDTA to a final concentration of 3 mM in 11 μL 
Error Analysis
For experiments that required repeated measurements, such as qPCR analyses, standard errors (S.E.) were obtained using biological or technical replicates, as stated in figure legends. 
